Deleterious mutations are expected to evolve under negative selection and are usually 30 purged from the population. However, deleterious alleles segregate in the human 31 population and some disease-associated variants are maintained at considerable 32 frequencies.
Chun and Fay 2011), and theoretical analysis and empirical data suggest that 85 hitchhiking events can also elevate the frequency of deleterious variants (Chun and Fay 86 2011; Hartfield and Otto 2011; Marsden et al. 2016 ). Conversely, existing recessive 87 deleterious variation may also slow the fixation of beneficial alleles on the same 88 haplotype (Assaf et al. 2015) . However, since hitchhiking eventually reduces the 89 absolute amount of genetic diversity, it is not sufficient to explain regions with generally 90 elevated levels of sequence diversity across the genome. 91
92
In contrast, balancing selection leads to a long-term persistence of common genetic 93 variation in surrounding loci (Charlesworth 2006 ; Gao et al. 2015) . Consequently, it has 94 been proposed that balancing selection may also lead to an excess of deleterious 95 variation around the balanced locus. This scenario is supported by studies of neutral 96 variation that showed increased variation in regions linked to loci under both simple and 97 multi-locus balancing selection ; Grimsley et al. 1998; O'hUigin et al. 98 2000; Navarro and Barton 2002) . However, a comprehensive theoretical and empirical 99 investigation of this scenario for deleterious variants, which is of critical interest for both 100 population genetics and medical genetics, is lacking so far. 101
102
The prevalence of balancing selection in the human population and its role in shaping 103 genetic variation is still debated. In contrast to models developed in the 1960s (e.g 104 Lewontin and Kojima 1960) , studies of the genomic era have generally assumed that 105 balancing selection is an exception rather than the rule ( genome. This is thought to be due to the so-called classical MHC genes (in humans 115 called Human Leukocyte Antigen; HLA), whose products present antigenic peptides on 116 the cell surface and by that play a key role in the adaptive immune response (Neefjes et 117 al. 2011) . These classical HLA genes are scattered across the MHC region and exhibit 118 exceptional allelic polymorphism and an extreme level of heterozygosity, which is 119 thought to increase pathogen resistance and thus to be maintained by pathogen-120 mediated balancing selection (Trowsdale 2011) . Based on well-documented signatures 121 of balancing selection at the classical HLA genes, this gene complex thus provides a 122
perfect study system to explore the effect of balancing selection on the frequency of 123 linked deleterious variation. In fact, a striking feature of the MHC, potentially related to 124 the maintenance of deleterious variation, is that the MHC region is highly enriched in 125 variants associated with common human diseases identified by Genome-Wide 126 Association Studies (GWAS; fig. 1 ). Many of the GWAS peaks are not caused by 127 variation in classical HLA genes, and a significant number of phenotypes associated 128 with genetic variants within the MHC region are not classic autoimmune or infectious 129 diseases (Trowsdale 2011) . 130
131
To investigate the potential of balancing selection for maintaining deleterious genetic 132 variation, we first use a forward simulation approach and then analyze empirical data to 133 test the predictions of the simulations. Previously, the large scale sequencing data 134 required to compare the mutational load in the MHC region against the rest of the 135 genome has been lacking. Here we make use of a whole exome sequence data set of 136 about 6,500 individuals, which provides detailed population-level information of coding 137 sequence variation across the entire human genome. 
Results

143
Simulating multi-locus balancing selection 144
We used forward simulations to investigate the effect of multi-locus balancing selection 145 at HLA genes on the evolution of deleterious genetic variants throughout the MHC 146 region. The simulations were based on empirical parameter values from the human 147 MHC region and included a central HLA gene, surrounded by non-HLA regions that 148 represented the variation in neighboring non-HLA genes. In order to simulate multi-locus 149 selection, multiple scattered sites along the virtual HLA gene evolved under different 150 HLA selection scenarios: either neutrally, under balancing selection, or, as a contrast, 151 under recurrent sweeps of positive selection. We then explored the effect of these 152 different HLA selection scenarios on the evolution of variants in HLA-neighboring 153 regions that evolved themselves under different levels of purifying selection. 154
155
Our simulations showed that multi-locus balancing selection at HLA generally reduces 156 the number of segregating sites in the neighboring sequence regions compared to a 157 scenario with no selection at HLA ( fig. 2a) . With moderate or high levels of purifying 158 selection acting at neighboring sites, the number of segregating sites was even lower. 159
Interestingly, the reduction in the density of segregating sites by balancing selection was 160 mainly due to the removal of sites with rare variants ( fig. 2b) . And as nucleotide diversity 161 () is strongly dependent on variant frequencies, the removal of rare variants had little 162 effect on overall diversity in the neighboring regions. Instead, balancing selection at the 163 HLA led to a significant increase in nucleotide diversity in the neighboring regions 164 surrounding the HLA and was elevated even in the presence of moderate purifying 165 selection ( fig. 2c) . Nucleotide diversity increased in spite of the reduction in number of 166 segregating sites because derived allele frequencies at the remaining sites were, on 167 average, strongly elevated, resulting in a site frequency spectrum that was enriched with 168 intermediate frequency alleles (fig. 3a) . This increase in the number of segregating sites 169 with intermediate frequency alleles then caused an overall increase in nucleotide 170 diversity, irrespective of the significant loss of rare variants around the HLA gene. As 171 expected, increasing purifying selection in the surrounding region reduced allele 172 frequencies overall. However, relative to the other HLA selection scenarios, balancing 7 selection at the HLA in all simulated cases maintained a significant fraction of 174 deleterious variation at moderate frequencies counteracting the effect of purifying 175 selection (Wilcoxon rank-sum test, all P < 0.001; fig. 3b-d) . The effect of balancing 176 selection on variant frequency in the neighboring regions was strongly dependent on the 177 rate of recombination: Artificially increasing the recombination rate by an order of 178 magnitude basically removed the effect, while an equivalent reduction in recombination 179 led to a substantially stronger enrichment for intermediate frequency variants at all levels 180 of purifying selection (supplementary figs. S1 & S2, Supplementary Material online). 181
182
We contrasted these results with the alternative scenario of recurrent complete selective 183 sweeps at the HLA due to continuous environmental change, e.g. constantly adapting or 184 newly arising pathogens with 'sweeping' selective effects (e.g. the Bubonic plague). 185
Similarly to the balancing selection scenario, recurrent sweeps in HLA genes led to a 186 reduction in the number of segregating sites in the neighboring regions ( fig. 2a) . European American subpopulations of the ESP6500 data (supplementary note S1, 239 supplementary table S1 and supplementary fig. S4 Consequently, a polymorphic site linked to a balanced locus can have two fates: Either 296 11 one of its minor alleles is present on the new balanced haplotype, so that its frequency 297 rises together with the balanced haplotype, or the new balanced haplotype does not 298 carry the site's minor alleles, so that its frequency declines. For very low frequency 299 variants (e.g. singletons) the latter fate will potentially lead to a complete loss of the 300 minor allele at this neighboring site, and thus to a complete loss of the segregating site. 301
Together these two mechanisms lead to the signature that we observe: Less 302 polymorphic sites around the HLA gene but a higher derived allele frequency at those 303 sites that remain in the population. For some traits the data contains multiple studies (top five: type 2 diabetes: 37, breast 402 cancer: 26, schizophrenia: 22, body mass index: 21, height: 21; median number of 403 studies per trait: 1), but preferentially lists novel associations to avoid redundancy. While 404 this data may suffer from a bias towards over-studied traits, it also reflects the frequency 405 and thus importance of a given trait in the population. We focused only on autosomal 406 associations and chromosome length was standardized to 30 location bins per 407 chromosome for better visualization. 408 409
Simulating multi-locus balancing selection 410
In order to test whether balancing selection on a particular locus can lead to a shift in the 411 site frequency spectrum of adjacent genomic regions and prevent deleterious mutations 412 from being purged by purifying selection, we employed a forward simulation approach. 413
To this end, we developed the program Forward Simulation (available at 414 http://forwardsimulation.sourceforge.net), which is based on the Wright- 
